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ABSTRACT 
I n  t h e  f i rs t  p a r t  of t h i s  r e p o r t  a computer program using 
For t r an  I V  i s  developed which w i l l  d e sc r ibe  t h e  t r a n s l a t i o n a l  motion 
of a meteorological sphere f a l l i n g  through the  upper atmosphere. 
The sphere i s  assumed a p o i n t  mass, a c t e d  upon by drag, g r a v i t y  
and buoyancy forces .  Influence of v i r t u a l  mass, C o r i o l i s  and 
c e n t r i p e t a l  a c c e l e r a t i o n s  a r e  included. The program r e q u i r e s  
molecular temperature, i n i t i a l  p re s su re ,  l o c a l  mean sea- leve l  
g r a v i t y  and drag c o e f f i c i e n t s  as input  q u a n t i t i e s .  
The output inc ludes  p o s i t i o n  and time d a t a  and 24 o ther  
v a r i a b l e s  a s soc ia t ed  with t h e  sphere f l i g h t .  
An example i l l u s t r a t i n g  t h e  response of a l i g h t  sphere t o  
h o r i z o n t a l  winds with varying wind l a y e r  t h i ckness  i s  presented.  
The second p a r t  descr ibes  a computer program which converts  
t h e  simulated sphere t r a j e c t o r y  i n t o  simulated t r acg ing  radar  data ,  
- i m n l 7 7 A < - *  * - A n n  h w v n w n  ma T.oc1,1+c. =f 2 prelimin&?-y st,d*Jr =f &**LLUULU6 L Q U C W  L L I V L .  U. L * L L  I L U W " "  
o s c i l l a t o r y  e r r o r  i n  r e a l  ROBIN d a t a  i s  appended. 
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CHAPTEB I 
INTRODUCTION 
The Langley Research Center of t h e  Nat ional  Aeronautics and 
Space Administration has  undertaken t h e  r e s p o n s i b i l i t y  of d e f i n i n g  
and developing t h e  f u t u r e  ope ra t iona l  system f o r  t h e  r o u t i n e  
meteorological sounding of t h e  upper atmosphere. 
There a r e  p r e s e n t l y  a v a r i e t y  of methods f o r  ob ta in ing  atmospheric 
measurements, one of which uses a r ada r - t r acked  f a l l i n g  sphere.  The 
f a l l i n g  sphere technique i s  p r e s e n t l y  used f o r  measuring atmospheric 
dens i ty ,  temperature and winds. It provides  an inexpensive y e t  rei-iable 
method f o r  probing t h e  upper atmosphere. 
Under t h e  sponsorship o f '  the  above named body, a study was undertaken 
h e r e  a t  t h e  Universi ty  of Utah t o  provide a computerized mathematical 
s imulat ion program, usable  on t h e  IBM 7040 computer. 
program w a s  t o  produce t r a j e c t o r y  d a t a  of t h e  f a l l i n g  sphere through t h e  
upper atmosphere with requirements d i c t a t i n g  t h a t  t h i s  program be 
The simulator 
versat i le ,  y e t  provide accuracies  as good o r  b e t t e r  than p r e s e n t l y  e x i s t -  
i n g  f a l l i n g  sphere d a t a  processing systems. 
Creation of t h e  mathematical s imulat ion program requ i r ed :  (1) 
development of a mathematical model which could accu ra t e ly  desc r ibe  
t h e  motion of t h e  sphere through t h e  atmosphere, ( 2 )  study of a v a i l a b l e  
data t o  determine t h e  computabili ty o r  t a b u l a t i o n  requirements of 
v a r i a b l e s  used i n  t h e  model, 
requirements  
and (3 )  d e f i n i t i o n  of program v e r s a t i l i t y  
2 
~ - -  
The following pages p re sen t  t h e  development and r e s u l t s  of t h i s  
study. Because t h e  f i n a l  ob jec t ive  of t h i s  study w a s  t o  produce a 
f a l l i n g  sphere s imulat ion program, t h i s  r e p o r t  i s  s l a n t e d  i n  t h i s  
d i r e c t i o n  by providing not only t h e  development of t h e  mathematical 
model bu t  a d e t a i l e d  d e s c r i p t i o n  of t h e  computer program. The 
l i m i t a t i o n s  of t h i s  program as  a t o o l  f o r  s tudying p r e s e n t - e x i s t i n g  
f a l l i n g  sphere r educ t ion  systems, or t h e  development of  b e t t e r  f u t u r e  
systemstdepends i n  l a r g e  on t h e  ingenui ty  of i t s  use. 
An example i l l u s t r a t i n g  the  program'svalue and i t s  a p p l i c a t i o n  t o  
meteorological  problems i s  presented i n  t h e  c l o s i n g  pages of t h i s  r e p o r t .  
The r e s u l t s  from t h i s  example provide information of t h e  s p h e r e ' s  
c a p a b i l i t y  i n  responding t o  high a l t i t u d e  winds and a l s o  i n d i c a t e s  a r e a s  
t h a t  may be s t u d i e d  i n  t h e  f u t u r e .  
CHAPTER I1 
EQUATIONS OF MOTION 
The f a l l i n g  sphere may be r ep resen ted  as a p o i n t  mass ac t ed  
upon by g rav i ty ,  drag and buoyancy f o r c e s .  Consider t h e  r e fe rence  
frame ea r th - f ixed ,  with r o t a t i o n  r a t e  cu. The sphere p o s i t i o n  p 
- 
has a velocity’ expressed v e c t o r i a l l y  by 
b - 3 4 9 - 4 3  
p = - p + c u x p = v + c u x p  
b t  
L 
and a c c e l e r a t i o n  p; 
.. 
--3 -5 -> -> 3 
p = a + 2cu x v + cu x (;;PxT;;7 2 -2 
a -  
where a and v are r e s p e c t i v e l y  t h e  a c c e l e r a t i o n  and v e l o c i t y  of t h e  
sphere r e l a t i v e  t o  t h e  ea r th - f ixed  frame. The second and t h i r d  terms 
of Eq. 1-23 a r e  r e s p e c t i v e l y  the C o r i o l i s  and c e n t r i p e t a l  a c c e l e r a t i o n s .  
The equation of motion i s  t h e r e f o r e  
a -  -ba- --P 4 
a + a  + 2 c u X v = a  + a  + a  
C d g b  
-P 
where a = c e n t r i p e t a l  acce le ra t ion  
a = drag a c c e l e r a t i o n  
% = a c c e l e r a t i o n  due t o  buoyancy 
C 
-0 
d 
--P 
and 
2 -3 
e a = g r a v i t a t i o n a l  acce le ra t ion .  
g 
4 
COORDINATE SYSTEM 
The coordinate  system chosen i s  a r ight-hand orthogonal r e c t a n g u l a r  
coordinate  system with i t s  o r i g i n  l o c a t e d  a t  an a r b i t r a r y  mean sea l e v e l  
p o s i t i o n  and whose o r i e n t a t i o n  i s  such t h a t  t h e  z-axis  coincides  with t h e  
geocen t r i c  r a d i u s  vec to r  passing through t h e  coordinate  system o r i g i n .  
The y-axis  i s  d i r e c t e d  northward and t h e  x -ax i s  eastward. 
CENTRIPETAL ACCFLERATIONS 
The c e n t r i p e t a l  acce le ra t ion  expressed by Eq. 1-4,  
z= = zx ( Z X Z  
C 
--3 
with LU equal  t o  t h e  angular v e l o c i t y  of t h e  e a r t h  and p', t h e  
p o s i t i o n a l  v e c t o r  of t h e  sphere, can be  expressed using: 
J A A 
( u = w  y + u !  z 
1 2 
i, h A A 
p ' =  x x + y y + ( R + z )  z 
where (u = WOSL and (u = LusinL. 
Taking t h e  c r o s s  product y i e l d s :  
1 2 
- a  h h n 
2 
2 Y - X U  1 L U X  p ' =  [ ( R + z )  u) -y(u2) ] x + x u) 1 2-5 
and 
2 -6 
A 2 - [ ( R + z )  LU 1 - 
"l"2 ] 
C OR1 O L I  S AC CELERATI ON 
The C o r i o l i s  acce le ra t ion  
a = 2 c u x v  
cor 
can be expanded i n  terms of t h e  r ec t angu la r  coordinat,e system. 
t h e  c ros s  product of t h e  two vec to r s  y i e l d s :  
' I ' t ~ k i r ~ g  
h h A -&- 
= (2cu 1 i - 2cu2$) x + 2cu 2 j ;  y - &) 1- ' a cor 
BUOYANCY AND VIRTUAL MASS 
The " v i r t u a l "  or "apparent" mass "I i s  equal t o  t h e  mass of t h e  
sphere p l u s  an a d d i t i o n a l  apparent mass r e s u l t i n g  from t h e  momentum 
t r a n s m i t t e d  from t h e  sphere t o  t h e  atmosphere. The r a t i o  of t h e  s p l i ~ i ' t '  
m a s s  t o  a d d i t i o n a l  apparent mass i s  approximate1.y l/? f o r  Y ;pqf-r'L 
bodye2 The e f f e c t i v e  sphere mass i s  then 
nd'p 
1 2  
m = m +  1 
The buoyancy f o r c e  i s  equal i n  magnitude t o  t h e  weight of t h e  
d i sp laced  a i r  and d i r e c t e d  opposite t o  t h e  f o r c e  of g r a v i t y .  
e f f e c t  of buoyancy i s  introduced by modifying t h e  a c c e l e r a t i o n  a R - 
The 
-3r 
-* --P 
By modifying only t h e  s l i g h t  angular displacement bet,ween a d n d  i:, e g ' 
. ,I.._. I 
7 
t h e  a c c e l e r a t i o n  of g r a v i t y  i s  neglected.  
given by Eq. 1-10. 
The modified form of i s  
~ - . .  
- 
g ’  = (1 - v , p  T 
g 
where 
I 
DRAG FORCE 
The drag f o r c e  i s  given by: 
p= a i r  d e n s i t y .  
d = drag c o e f f i c i e n t .  C 
A = sphere c ros s - sec t iona l  area. 
V = v e l o c i t y  of t h e  body r e l a t i v e  t o  t h e  a i r .  
v = v e l o c i t y  of  t h e  body r e l a t i v e  t o  t h e  coordinate  frame. 
W = v e l o c i t y  of t h e  a i r  r e l a t i v e  t o  t h e  coordinate  frame. 
-b 
--P 
-9 
For convenience t h e  quan t i ty  cc, C i s  introduced which i s  re la ted t o  t h e  
wind response.  
2-10 
2-11 
2-12 
This i s  t h e  "corner frequency" of the  sphere t o  f l u c t u a t i o n s  i n  t h e  
wind encountered i n  the  t r a j ec to ry .  
This i s  seen from the  approximate equation f o r  h o r i z o n t a l  speed, 
which has  a "time constant" 
1 7 =  w 
C 
The sphere t h e r e f o r e  w i l l  respond t o  wind f i n e  s t r u c t u r e  having l a y e r  
t h i ckness  g r e a t e r  than 
2nV A = +  -
"C 
The q u a n t i t y  
V 2 9  
i s  sometimes c a l l e d  t h e  " c h a r a c t e r i s t i c  length" a s soc ia t ed  with the  a l t i t u d e  
l a g (  of a sphere f a l l i n g  through a constant wind shear .  (Reed, W. H., NASA 
TN D-1821, October 1963). 
GRAVITATIONAL ACCELERATION 
The g r a v i t a t i o n a l  f o r c e  a c t s  along t h e  geocen t r i c  r a d i u s  and i s  
expressed according t o  Newton's universal g r a v i t a t i o n  l a w .  
of t h e  r ec t angu la r  r e fe rence  frame, t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n  a t  
I n  terms 
a p o i n t  p i s  
I -  
A 
The c o e f f i c i e n t  of z, (R+z)/(R+h), w i l l  vary from u n i t y  by l e s s  t han  
10 
computational purposes.  
-8 during t h e  sphere f l i g h t  and w i l l  t h e r e f o r e  be taken as u n i t y  f o r  
EQUATIONS OF MOTION 
The r e s u l t s  obtained i n  the previous a n a l y s i s  may be combined 
t o  g ive  t h e  following form f o r  t h e  equat ions of motion used i n  t h e  
t r a j e c t o r y  generator  program. 
.. 2 
z = -CI) (A-W Z ) + 2a 1 2 + (R+z)co, - yw 1 2  LU -g' 
C 
2 
= -a c (k-W X ) - 2 s  1 + 2w 2 - g'x/(R+h) + xcu 
where 
a 
R = l o c a l  geocen t r i c  radius. 
h = a l t i t u d e  above mean sea l e v e l .  
= g r a v i t a t i o n a l  acce le ra t ion  a t  mean s e a  l e v e l .  
gS 
2-14 
9 
2 
c Y 2 1 2  2 
*I 
y = -W (3;-W ) - 2~ k - w w (R+z) + YO - gy/(R+h) 
where w = WOSL and w = cusinL. 1 2 
CHAPTER 111 
EVALUATING THE EQUATIONS OF MOTION 
INTRODUCTION 
The equations of motion a s  given by Eq. 2-14 should adequately 
desc r ibe  t h e  sphere motion. Evaluation of t h e s e  equat ions r e q u i r e  
va lues  f o r :  
s e c t i o n a l  a r e a  of t h e  sphere A, d e n s i t y  p and a i r  speed [VI; 
(1) (uc, which i s  a f u n c t i o n  of drag coe f fec i en t  C c r o s s  
d’ 
( 2 )  wind 
2 
vector ,  which has  x, y9  and z g  components; ( 3 )  g r a v i t a t i o n a l  a c c e l e r a t i o n  
a which i s  a func t ion  of p o s i t i o n ;  and ( 4 )  t h e  c e n t r i p e t a l  and C o r i o l i s  
a c c e l e r a t i o n s .  Each of t h e s e  areas w i l l  be discussed i n d i v i d u a l l y .  
-=- 
g ’ 
DRAG RESPONSE FACTOR 
A s  mentioned above, t h e  drag response i s  b a s i c a l l y  a func t ion  
of t h e  drag c o e f f i c i e n t  C t he  p r o j e c t e d  a r e a  of t h e  body i n  t h e  d’ 
d i r e c t i o n  of f low A, dens i ty  p a n d  t h e  a i r  speed 
I 
Drag Coef f i c i en t  Cd 
The c o e f f i c i e n t  of drag f o r  t h e  sphere problem i s  normally a 
f u n c t i o n  of both Mach number and Reynolds number. These are def ined 
as : 
M = V/c 3-1 
I '  11 
where V = sphere v e l o c i t y  r e l a t i v e  t o  t h e  wind (a i r  speed),  c = l oca l  
speed of sound and 
T )  = kinematic v i s c o s i t y ,  d = sphere diameter.  , 
Speed of Sound 
The speed of sound and kinematic v i s c o s i t y  are func t ions  of  
temperature and dens i ty .  That is ,  t h e  speed of sound expressed by 
t h e  t h e o r e t i c a l  r e l a t i o n s h i p  
w i l l  be considered s u f f i c i e n t l y  accu ra t e  f o r  our purposes 
The s p e c i f i c  h e a t  r a t i o  of t h e  a i r ,  y = C / C  i s  taken as d v  
exac t ly  1.40, t h e  molecular weight of t h e  air  M 
(both accep tab le  t o  100 km) and t h e  un ive r sa l  gas  constant  R* = 
8314.32 j o u l e s / (  "K'kg - mol) 
i s  i a k e i ~  as 28.9644 
W 
3-3 
Kinematic V i scos i ty  
The kinematic v i s c o s i t y 7 1  i s  de f ined  as t h e  r a t i o  of t h e  c o e f f i c i e n t  
of v i s c o s i t y  p and d e n s i t y p  . 
Standard Atmosphere, 1962 we adopt f o r  t h e  c o e f f i c i e n t  of v i s c o s i t y  
Remaining c o n s i s t e n t  with t h e  U.S. 
1.458 X ( T)3/2 ' = T 4 110.4 3-4 
12 
whose form i s  de r ived  f r o m  k i n e t i c  theory and whose cons t an t s  are 
empi r i ca l ly  ad j u s t  ed . 
Density 
Density p r n a y  be ca l cu la t ed  from g r a v i t y  g and temperature T - m 
Using t h e  h y d r o s t a t i c  and s t a t e  equations; 
dP = - /% dz s-5 
M P  
W 
p r e s s u r e  P may be obtained as a func t ion  of g and T . rn 
temperature T 
c o n s t a n t ) .  
a l lows one t o  o b t a i n  P i n  terms of g and T . rn 
(Molecular 
must be  used s ince t h e  molecular weighttM i s  assumed m w9 
Combining t h e  two equations and sepa ra t ing  t h e  v a r i a b l e s  
dz - MWg _ -  dP P R*Tm -
I n t e g r a t i n g  and t a k i n g  both s ides  t o  t h e  power e, t h e  base of n a t u r a l  
3-6 
logari thms y i e l d s  
or 
P - P  exp b 
M 
R" 
b Z 
Since r a d a r  d a t a  i s  des i r ed  a t  1/10 second i n t e r v a l s ,  g/T is m 
approximately l i n e a r  between d a t a  p o i n t s .  
t o  o b t a i n  P a t  t h e  ( n  + 1)s t  d a t a  p o i n t .  
Th i s  assumption w i l l  be used 
That i s :  
where z = z - z .  m + l  m 
After ob ta in ing  P and then u s i n g t h e  equation of s t a t e ,  
3-9 
Temper a t  w e  
The molecular temperature T m w i l l  be considered as an input  
This  choice of choosing T m as an inpu t  quan t i ty  over p q u a n t i t y .  
is somewhat a r b i t r a r y .  
of p , a pe r tu rb ing  func t ion  n P  i s  provided i n  t h e  program t o  prcvide 
t h e  ope ra to r  with t h e  opt ion of p r e s c r i b i n g  p d i r e c t l y .  
noted t h a t  s ince  t h i s  pe r tu rba t ion  i s  no t  r e f l e c t e d  i n  Tm, it must be small 
However, t o  study sphere phenomena as a func t ion  
However, it i s  
Drag Tables 
When Mach number exceeds 2.5, C d i s  considered a func t ion  only 
of Reynolds number. 
e x t r a p o l a t i o n  i s  used. 
Also, when Reynolds number i s  l e s s  t h a n  50 an 
5 
2 
=: 2.5 - "023267 Re + .00015734 Re c d 3-10 
I - .  14 
For t h e  t r a j e c t o r y  generator program, t h e  va lues  of Cd w i l l  be 
broken i n t o  t h e  major drag t a b l e s :  
3-11 
3-12 
Eq.  3-10 i s  used when Mach number exceeds 2.5 and Reynolds number i.s 
less  than 50. 
WIND DATA 
The wind d a t a  f o r  t h e  program must be a v a i l a b l e  as input  d a t a .  
This  a l lows f o r  wind response a n a l y s i s  under widely varying wind 
cond i t ions .  Two requirements seem advisable  f o r  wind da ta :  (1) t h e  
ope ra to r  should have t h e  opt ion of using a f i n e  o r  course wind s t r u c t u e ,  
according t o  h i s  needs, and ( 2 )  t h e  wind s t r u c t u r e  should be s p e c i f i e d  
i n  r e c t ~ ~ p l s r  r n g r d i n a t e s  to c n n f n r m  wi t.h t , h e  eqiiat.i o n s  of mot,ion. 
GRAVITATIONAL ACCELERATION 
The magnitude of t h e  g r a v i t a t i o n a l  f o r c e  on a mass m a t  mean sea 
leve l  i s  given by: 
kmM a m = -  
gS R2 
3-13 
where 
R = l o c a l  r a d i u s  of  t h e  e a r t h .  
k = g r a v i t a t i o n  cons t an t .  
M = mass of t h e  e a r t h .  
Likewise, t h e  gravi ta t ional .  fo rce  a t  an a l t i t u d e  h above sea  l e v e l  i s  
Thus , 
R2 'rn a = a  gs 
Eq. 3-15 i s  a more d e s i r a b l e  form f o r  t h e  g r a v i t a t i o n a l  
i s  normally known 
g S 9  
a c c e l e r a t i o n  because g r a v i t y  a t  mean sea l e v e l ,  
f o r  t h e  t e s t  s i t e  a t  which t h e  simulated f l i g h t  i s  t o  be made, 
Expressed v e c t o r i a i i y ,  g i s  given by Eq.  3-i6. 
5 
3 -- -> 
C 
S 
% = a .  gS - a  
3-14 
3-15 
3-16 
The c e n t r i p e t a l  component, a t  mean sea level,  
c a l c u l a t e d  using Eq. 2-6 and w i t h  t h e  displacement x = y = z = 0. 
3-17 
S 
16 
Using Eq. 3-16 and 3-17, the magnitude of a i n  terms of g S 
gS 
i s  then  
- 2  a = R w  + g  1 S 
gS 
The geocen t r i c  r a d i a l  component above mean sea l e v e l ,  h, is riot 
d i r e c t l y  a v a i l a b l e  f o r  computational purposes.  
seen t h a t  
From Figure I, it i s  
3-19 
2 2 2  
(R+h)  = ( R + z ) ~  + x + y 
2 
Expanding Eq. 3-20 and el iminat ing t h e  R terms y i e l d s :  
2 2 2  
h + 2 R h -  ( 2 R z + z 2 + x  + y ) = O  
Using t h e  f i r s t  two terms o f  t h e  binomial s e r i e s  expansion of 
t h e  quadra t i c  s o l u t i o n  of Eq. 3-21 show h = z .  
Eq. 3-20 g i v e s  h as a func t ion  of x, y, and z .  
Using t h i s  r e s u l t  i n  
3-20 
3-21 
3-22 
This  v a r i e s  from h, i f  t h e  e a r t h  were an ideal  smooth surface,  by less  
than  .O25'$ f o r  x = y = 100 km. 
The su r face  of t h e  e a r t h  is  moderately w e l l  r ep resen ted  by an 
e l l i p s o i d  of r evo lu t ion .  Therefore, i n t roduc ing  t h e  geocen t r i c  
coordinates  y ,  $I, and f l a t t e n i n g  a = (a-b) /a  where a and b are t h e  
semi-major and semi-minor axes, r e spec t ive ly ,  an expression f o r  €3 can 
be found. 3 
3-23 
If Eq. 3-23 i s  expanded i n  an i n f i n i t e  series expansion and t h e  f i r s t  
t h r e e  terms are used t o  approximate R, 
'I 2 R a [l - ( a  + 3/2a  ) s i n  $ 3-24 
an e r r o r  of l ess  than  O.OOO5$ i s  ob ta ined  f o r  $I = 45". 
CENTRIPETAL AND CORIOLIS ACCELERATIONS 
The c e n t r i p e t a l  and Cor io l i s  a c c e l e r a t i o n s  were de r ived  i n  
Chapter 11. For t h e  sphere problem it w i l l  be assumed t h a t  t h e  
d e v i a t i o n  from l a t i t u d e  L during t h e  f l i g h t  w i l l  be n e g l i g i b l e .  
i s  i n  keeping with t h e  o the r  assumptions i f  x and y a r e  l e s s  than  100 km. 
This 
CHAPTER I V  
TRAJECTORY GENERATOR PROGRAM 
For t r an  I V  w a s  used t o  program t h e  equat ions discussed i n  
Chapters I1 and 111. The computer program c o n s i s t s  of a main program 
and f o u r  subrout ines  used f o r  evaluat ing t h e  equat ions of motion. 
To a s s i s t  t h e  user  of t h e  program i n  s imulat ing sphere f l i g h t s  under 
widely varying condi t ions,  t h i s  s e c t i o n  contains  an a l p h a b e t i c a l  l i s t i n g  
and a b r i e f  explanat ion of v a r i a b l e s  ca l cu la t ed  o r  brought j a t o  t,he MATN 
program. A l i s t i n g  of  t h e  t o t a l  program with a f low diagram i s  corit,airied 
i n  t h e  Appendix. 
The method s e l e c t e d  f o r  explaining t h e  program l i s t i n g  i s  a 
l i n e - b y - l i n e  d e s c r i p t i o n  of each p a r t  of t h e  program with t h e  l i n e  
numbering system s t a r t i n g  anew with each subrout ine program. 
CODING 
I n t r o d u c t i o n  
The v a r i a b l e s  used i n  the Main Program are l i s t e d  alphabet,icall,y 
below with a b r i e f  explanat ion of each. 
L i s t i n g  
The v a r i a b l e s  and a r r a y s  are:  
A21 
A22 
AC 
ALPHA 
Arra of c o e f f i c i e n t s  used i n  t h e  Runga-Kutta- 
G i l l  T i n t e g r a t i o n  program. 
Constants used i n  determining d a t a  a t  s p e c i f i e d  
i n t e r v a l  l e v e l s .  
Absolute magnitude of t h e  sphere accelerat , ion 
r e l a t i v e  t o  f i x e d  frame. 
Coeff ic ient  a s soc ia t ed  with t h e  induced v i r t , r r a l  
mass o f  t h e  sphere.  It should equal 0 .5  f o r  
inclusion o r  0.0 f o r  excluding t h e  induced mass. 
:L 9 
ALPHA2 
B ( 4 )  
BET 
BETA (2,8) 
c(4)  
CD 
The shape of t h e  e a r t h  i s  moderately wc21.I 
represented by an e l l i p s o i d  of revolut ion.  
ALPHA2 i s  t h e  f l a t t e n i n g  of t h i s  r e fe rence  
e l l i p s e .  
Coeff ic ient  a r r a y  used i n  Runga-Kutta-Gill 
i n t e g r a t i o n  method. 
Buoyancy c o e f f i c i e n t .  
include or 0.0 t o  exclude buoyancy f o r c e . )  
Coef f i c i en t s  used i n  Adams-Moulton i n t e g r a t i o n  
method. 
(I t  should equal  1.0 t,o 
6 
Coeff ic ient  a r r a y  used i n  Runga-Kutta4il.l  
i n t  egr a t  ion method . 
Drag Coef f i c i en t .  
CDFiEM (22,18) Array of drag c o e f f i c i e n t s  which a r e  a func t ion  
of bo6h Reynolds and Mach Numbers. 
must be  read i n  columnwise and such t h a t  Reynolds 
and Mach numbers are included i n  t h e  a r r a y . )  
(The a r r a y  
D 
DELR@E 
DER( 1) 
DER( 2 )  
Mach 
r - - - - - - - - - - - -  
I 
e l  
I 
I 
I 
I 
I 
I 
R 
Tabulated Form 
Sphere diameter 
Density pe r tu rba t ion .  
i, v e r t i c a l  component of sphere v e l o c i t y ,  
k, Eas te r ly  component of sphere v e l o c i t y .  
f ,  Northerly component of sphere v e l o c i t y .  
.. z, v e r t i c a l  component of sphere a c c e l e r a t i o n ,  
.. x, Eas te r ly  component of sphere a c c e l e r a t i o n .  
y, Northerly component of sphere acceler.at,ion. 
t, t i m e  i n  seconds. 
z, sphere a l t i t u d e  i n  meters. 
x, displacement of sphere i n  t h e  Easter. Ly di  iaeration e 
y, displacement of sphere i n  t h e  Nor,i,herly d i i , ez t ion .  
5 ,  v e r t i c a l  v e l o c i t y  of sphere.  
k, Eas te r ly  component of sphere v e l o c i t y .  
f ,  Northerly component of sphere v e l o c i t y .  
Wz, Eas te r ly  component of wind v e l o c i t y ,  
WXJ Westerly component of wind v e l o o i t y .  
W Westerly component of wind v e l o c i t y ,  
V, magnitude of sphere v e l o c i t y  r e l a t i v e  t o  t h e  
Y 7  
wind. 
a, magnitude of sphere a c c e l e r a t i o n  re la t i -ve t o  
esr th  fixed frame; 
A p  , densi ty  pe r tu rba t ion .  
z,  v e r t i c a l  component of  sphere a c c e l e r a t i o n .  .. 
.. x, Eas te r ly  component of  sphere a c c e l e r a t i o n .  
y, Northerly component of sphere acceleral ,  i on .  
.. z v e r t i c a l  component of d rag  a c c e l e r a t i o n .  d’ 
x Eas t e r ly  component of drag a c c e l e r a t i o n .  d’ 
Northerly component of drag accel  era t i m ’d’ 
p ,  densi ty .  
Tm’ 
.. 
.. 
molecular temperature.  
FNC( 6,8) 
GS 
H 
I T  
JT 
K ~ L D  
K I  
KO 
L1 
L2 
L3 
L4 
M, Mach number. 
Re, Reynolds number. 
Cd, Drag c o e f f i c i e n t  . 
'b ' 
Vt, Terminal v e l o c i t y .  
g, Gravity.  
Pressure a t  a l t i t u d e  z .  
The array FT(J) i s  equivalent  t o  t h e  array 
F ( J )  a t  t i m e  ( t - h )  seconds. 
Array of i n t e g r a t e d  va lues  of t h e  d e r i v a t i v e  
equations DER(6) f o r  t h e  p a s t  NM time va lues .  
(Note: NM should not  be l a r g e r  than 8 unless  
t h e  corresponding Dimension Statements a r e  
changed. ) 
Al t i tude  z a t  t i m e  ( t -2h )  seconds. 
Coef f i c i en t s  a s soc ia t ed  with Adanis-Moulton 
i n t e g r a t i o n  met hod 
t h e  value of g a t  mean sea l e v e l  f o r  t e s t  s i t e .  g S J  
h, time i n t e r v a l  used i n  i n t e g r a t i o n  program. 
Row index of t h e  d a t a  t a b l e  ZTZXY. 
If during t h e  f l i g h t ,  any one of t h e  v a r i a b l e s  M, 
Re J t a b l e s ,  t h e  constant  KOLD i s  set  equal t o  uni ty ,  
causing a d i agnos t i c  t o  b e  p r i n t e d  and t h e  f l i g h t  
t o  be stopped. 
o r  z exceed t h e  bounds p resc r ibed  by t h e  inpu t  
Row index i n  drag t a b l e .  
Row index i n  d a t a  table  ZTZXY. 
T o t a l  number of rows i n  data table  ZTZXY. 
T o t a l  number of rows i n  drag t a b l e  CDREM. 
T o t a l  number of columns i n  drag t a b l e  C D M M .  
T o t a l  number of rows i n  drag t a b l e  RECD. 
22 
L21 
L22 
LAl 
N 
NM 
NOTAPE 
164 
#5 
#32 
#c 
Variables  used i n  determining d a t a  a t  a l t i t u d e  
i n t e r v a l s  o f  ZINT. 
Number of s t e p s  performed using t h e  s ing le - s t ep  
i n t e g r a t i o n  subrout ine.  
Number of d i f f e r e n t i a l  equat ions.  
Order of polynomial used i n  mul t i s t ep  i n t e g r a t i o n  
method. 
In t ege r  used t o  e l imina te  computation of p re s su re  
P on f i r s t  cycle .  
Option ind ica to r  f o r  wr i t i ng  d a t a  t a p e .  If it 
i s  set equal t o  1, no t ape  w i l l  be  w r i t t e n  f o r  
t h e  f l i g h t .  If NOTAPE does not equal  I, a t ape  
w i l l  b e  wr i t t en .  
b 
2cucosL 
2cus inL 
2 cu sinL-cosL 
2 
2 2  cu cos L 
2 2  
CD s i n  L 
( F l i g h t  cons t an t s  where 
CD = e a r t h  r o t a t i o n a l  rate,  
L = l a t i t u d e . )  
2 2  2cu cos L 
nd2CdV 
u 111, 0 ... 
1 
d2 
2 cu 
Pb, Pressure.  
Array used i n  Runga-Kutta-Gill i n t e g r a t i o n  
method. 
!?d 
R* ’ 
M, Mach number. 
Ratio of molecular weight t o  gas cons t an t .  
L, Geocentric l a t i t u d e  i n  r a d i a n s .  
Geocentric r a d i u s  f o r  l a t i t u d e  L. 
R 1  
RADA 
RE 
RECD( 24,2) 
Radius of semi-major a x i s  of e l l i p s o i d  of 
r e v o l u t i o n  which approximates shape of t h e  
e a r t h .  
Re, Reynolds number. 
Drag t a b l e  which i s  a func t ion  only of Reynolds 
number. 
p ,  Density.  
m, Sphere mass i n  kilograms. 
Array used i n  mul t i - s t ep  i n t e g r a t i o n  method. 
Tm7 Molecular temperature.  
t ,  Time i n  seconds. 
Maximum time i n  seconds allowed f o r  f l i g h t .  
Sphere a l t i t u d e .  
m T 
W Z ( A  l i n e a r  i n t e r p o l a t i o n  i s  used 1,o o b t a i n  t h e s e  va lues  from a r r a y  ZTZXY.) 
X 
W 
W 
g, Acceleration due t o  g r a v i t y .  
Y 
Vt, Terminal v e l o c i t y .  
V, Velocity of t h e  sphere r e l a t i v e  t o  t h e  wind 
ve loc i ty .  
Sphere volume. 
x x-component of drag a c c e l e r a t i o n .  
z ,  Sphere a l t i t u d e  i n  meters. 
x, Displacement of sphere i n  t h e  E a s t e r l y  d i r e c t i o n .  
d’ 
y, Displacement of sphere i n  t h e  Northerly d i r e c t i o n .  . 
ZINT 
ZD2 
zo1 
ZTZXY( L 1 , 5 )  
MAIN PROGRAM 
In t roduc t ion  
i, V e r t i c a l  v e l o c i t y  of t h e  sphere.  
% J  Eas te r ly  component of sphere v e l o c i t y .  
$, Northerly component of sphere v e l o c i t y .  
.. 
Component of drag a c c e l e r a t i o n  i n  Norther1.y 
d i r e c t i o n .  ’d’ 
A l t i t ude  i n t e r v a l  a t  which d a t a  i s  des i r ed .  
.. 
z V e r t i c a l  component of drag a c c e l e r a t i o n .  
Minimum a l t i t u d e  allowed for t h e  fl i’ght.  
d’ 
Data a r r ay  having: 
( 2 )  molecular temperature T i n  second column, 
( 3 )  z component, x componenp, and y components 
of wind v e l o c i t y  i n  columns 3 through 5, r e spec t ive -  
(1) a l t i t u d e  z i n  1st c?olimn, 
l y .  
The main program i s  used p r i n c i p a l l y  f o r  i n p u t t i n g  and ou tpu t t ing  
d a t a .  It i s  a l s o  used, however, t o  o b t a i n  d a t a  a t  d e s i r e d  i n t e r v a l  l e v e l s  
of a l t i t u d e  z, and t o  p e r t u r b  p J  i f  t h e  user so d e s i r e s .  
D e  s c r i p t  ion 
Lines  1-7 Contain t h e  dimension s ta tements  of t h e  MAIN program and t h e  
common statements used throughout t h e  simulator program. 
Line 8 Statement no. 1. Th i s  format s ta tement  i s  used f o r  reading 
i n  t h e  parameters more d i r e c t l y  a s s o c i a t e d  with t h e  f l i g h t  
a s :  (1) inclusion o r  exclusion of induced v i r t u a l  mass o r  
buoyancy fo rce ,  ( 2 )  t ime increment used f o r  numerical 
i n t e g r a t i o n  purposes, ( 3 )  s i z e  of data a r r ays ,  ( 4 )  polynomial 
order  used i n  in t eg ra t ion  method and, ( 5 )  opt ion of no t  
p r i n t i n g  d a t a  f l i g h t  t ape .  
. 
Column 
1- 5 
6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
36-40 
41-45 
Line 9 
Column 
1-10 
11-20 
21-30 
31-46 
41-50 
51-60 
61-70 
71-80 
Line 10, 
Format 
xx . xx 
xx . xx 
xx . xx 
xxxxx 
xxxxx 
xxxxx 
xxxxx 
xxxxx 
xxxxxx 
Var i a b l e  
ALPHA 
BET 
H 
L l  
L2 
L3 
L4 
NM 
NOTAF'E 
De s c r i p t  ion 
Coef f i c i en t  f o r  i nc lud ing  o r  excluding 
induced v i r t u a l  mass. For inc lus ion ,  it 
w i l l  equal 0.5.  
Coef f i c i en t  f o r  excluding buoyancy 
f o r c e .  It normally w i l l  equal  1 .0 .  
T ime  increment. 
Number of rows i n  d a t a  t a b l e  ZTZXY. 
Number of rows i n  d a t a  t a b l e  CDREM. 
Number of columns i n  data t a b l e  CDKEM. 
Number of rows i n  d a t a  t a b l e  RECD. 
Polynomial order  used i n  Adarns-Moul t o n  
method of numerical i n t e g r a t i a n .  
TAPE opt ion.  If NOTAPE i s  cqlial t o  I, 
no d a t a  t ape  w i l l  be p r i n t e d ;  oiherwise,  
one w i l l  be p r i n t e d .  
Statement no. 2 .  F o r m a t  f o r  reading i n  sphere constants ,  and 
f l i g h t  l e n g t h .  
Format V a r i a b l e  Descr ipt ion 
xxxxxx . xxx SM Sphere mass i n  kg. 
xxxxxx.xxx D Sphere diameter i n  meters.  
xxxx.xxxxx GS Magnitude of g r a v i t y  a t  mean sea level. 
xxx . YXXXXX QLAT Geocentric l a t i t u d e  of sphere. 
xxx . xxxxxx PB I n i t i a l  p re s su re  i n  Newtonz/71L. 
xxxxxxxx x ZINT The a l t i t u d e  i n t e r v a l  a t  which d a t a  i s  
de sired - 
xxxxxxxx . x Z O I  Minimum a l t i t u d e  allowed f o r  t h e  f l i g h t .  
xxxxxxxx . x TO Maximum time allowed f o r  t he  f l i g h t .  
Statement no. 3. This statement s p e c i f i e s  t h e  format used 
f o r  i n p u t t i n g  t h e  i n i t i a l  sphere cond i t ions .  
26 
Column 
1-10 
11-20 
21-30 
31-40 
41-50 
51-60 
Line 11 
* 
Line 1 2  
Line 13 
Lines  14-18 
Lines 19-25 
Line 26 
Format 
xxxxxxxx.x 
xxxxxxxx.x 
xxxxxxxx~x 
xxxxxxxx.x 
xxxxxxxx.x 
xxxxxxxx.x 
Descr ipt ion 
z, A l t i t u d e  of sphere with r e s p e c t  t o  
x, E a s t e r l y  displacement of sphere.  
y, Northerly displacement of sphere.  
i, V e r t i c a l  component of v e l o c i t y .  
k, Veloci ty  i n  x -d i r ec t ion  ( E a s t e r l y ) .  
i, Veloci ty  i n  y -d i r ec t ion  (Nor the r ly ) .  
r e f e rence  frame. 
Statement no. 4 .  Format used f o r  reading of a l t i t u d e  z 
and thermal temperature T d a t a .  This format i s  only a 
dtirnrny format i n  t h a t  t h e  input  d a t a  should include t h e  
decimal p o i n t  t o  over-r ide t h e  decimal p o i n t  s p e c i f i e d  i n  
t h e  format statement.  The d a t a  should be ordered such t h a t  
a l l  z va lues  are read i n  f irst  i n  inc reas ing  order  and 
second, t h e  va lues  T are ordered t o  correspond with z. 
m 
m 
Statement No. 5 .  This statement i s  format used f o r  reading 
all va lues  of t h e  drag t a b l e  which i s  a func t ion  of both 
Mach and Reynolds numbers. The Reynolds numbers and Mach 
numbers are considered as p a r t  of t h e  drag t a b l e  and should 
t h e r e f o r e  be  included with drag c o e f f i c i e n t s .  The t a b l e  i s  
r e a d  i n  columnwise. It i s  a l s o  necessary t h a t  t h e  djmcnsion 
statement correspond e x a c t l y  with d a t a  t a b l e  s i z e .  
Statement no. 6. Format used f o r  reading i n  drag t a b l e  
which i s  a funct ion of Reynolds number only.  The format 
i s  again a dummy format s i n c e  both Reynolds numbers and 
drag c o e f f i c i e n t s  a r e  r ead  using t h e  same format.  The only 
requirement i s  t h a t  each card include 12 f i e l d s  of 6, 
i n c l u s i v e  of decimal p o i n t .  
Statements 7-10. Formats used f o r  l i s t i n g  output d a t a .  
Statements 11-13. Formats used f o r  p r i n t i n g  d a t a  headings. 
Statement no, 1 4 .  Format f o r  w r i t i n g  t i m e  and sphere 
p o s i t i o n  d a t a  on t ape .  
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Line 27-29 Statements 14-15. Formats f o r  w r i t i n g  f l i g h t  data on r a d a r  
t ape .  
FILE mark between records.)  
(This  r eco rd  i s  l i s t e d  behind r a d a r  d a t a  with an END 
Line 30 Read v i r t u a l  mass c o e f f i c i e n t ,  buoyancy f o r c e  c o e f f i c i e n t ,  
t i m e  increment, s i z e  of  a r r a y s ,  polynomial o rde r  used i n  
i n t e g r a t i o n  subroutine,  and t a p e  opt ion.  
Line 3 l  Read-in sphere mass, diameter,  geocen t r i c  l a t i t u d e  p o s i t i o n ,  
i n i t i a l  pressure,  des i r ed  a l t i t u d e  i n t e r v a l  a t  which a d a t a  
l i s t i n g  i s  des i r ed ,  minimum a l t i t u d e  and maximum t i m e  allowed 
f o r  iiie r l T g h t .  
Line 32 Read i n i t i a l  sphere p o s i t i o n  and v e l o c i t y  components. 
Line 33 Read columns 1 and 2 of d a t a  t a b l e  ZTZXY. 
Line 34 Read drag c o e f f i c i e n t s  which are a func t ion  of Mach and 
Reynolds numbers. 
Line 35 Read drag c o e f f i c i e n t s  which a r e  only a func t ion  of Reynolds 
.-. 1 ,mh or c 
L I U I I V b L  u . 
Line 36 Rewind t ape  u n i t  B, 3 .  
Line 37 P r i n t  d e s c r i p t i v e  f l i g h t  parameters.  
Line 38 Cal l  WIND subroutine f o r  completion of d a t a  t a b l e  ZTZXY. 
Line 39 Cal l  I N I T I L  subroutine which s e t s  i n i t i a l  condi t ions and 
c a l c u l a t e s  constants which a r e  not  v a r i e d  during sphere 
f l i g h t .  
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. 
Line 40 
Line 41 
Line 42 
Line 43 
Line 44-45 
Line 46 
Line 47 
Line 48 
Line 49 
Lines  50-99 
Call  CDEQS subroutine which e v a l u a t e s  equat ions corresponding 
t o  i n i t i a l  conditions f o r  f l i g h t .  
P r i n t  heading f o r  1 s t  12 v a r i a b l e s  t o  be  l i s t e d .  
Terminal v e l o c i t y  calculated.  
1s t  twelve values  f o r  d a t a  v a r i a b l e s  are p r i n t e d .  
Important d a t a  v a r i a b l e s  a r e  s t o r e d  on s c r a t c h  t ape .  
Logic sTatemenL used. LO aeT;ermine wne-Lner' or' r i o L  L o  r / r i ~ e  
a t a p e  containipg f l i g h t  d a t a .  
Rewind t a p e  u n i t  B,5. 
T ra j ec to ry  p o s i t i o n  and t ime ciata i s  w r i t t e n  on B , 5 .  
Density pe r tu rba t ion  i s  set  equal  t o  zero.  
f o r  p r e s e n t  purposes. 
or funct ion,  depending on t h e  user 's  requirements.  ) 
(This  i s  o n l y  
The p e r t u r b a t i o n  may be any quan t i ty  
Comparison i s  made between t h e  p o s i t i o n  of t h e  splierc ani 
t h e  a l t i t u d e  Z a t  which d a t a  i s  d e s i r e d .  If t h e  a l t i t u d e  
l e v e l  Z l i e s  between t h e  p re sen t  sphere p o s i t i o n  Z and t h e  d i 
p o s i t i o n ,  a linear i n t e r p o l a t i o n  i s  performed t o  obtain 'i-1 
d a t a  a t  a l t i t u d e  Z 
according t o  user 's  opt ion.  
d 
This d a t a  i s  then  s t o r e d  and/or p r i n t e d ,  
d '  
L i n e s  100-101 Control i s  t r a n s f e r r e d  t o  r e p e a t  t h e  d a t a  computation cycle ,  
o r  if  t h e  f l i g h t  has exceeded t h e  maximum t i m e  o r  minimum 
a l t i t u d e  allowed for t h e  f l i g h t ,  c o n t r o l  i s  t r a n s f e r r e d  t o  
w r i t e  and/or p r i n t  the  d a t a  which has  been s to red  on t h e  
sc ra t ch  tape.  
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Lines 102-104 The sc ra t ch  t a p e  i s  rewound p repa ra to ry  t o  wr i t i ng  f l i g h t  
d a t a  on t a p e  and the END FILE mark i s  w r i t t e n  i n d i c a t i n g  
t h e  completion of radar  d a t a  r eco rd  no. 1. 
Line lo5 The t o t a l  number of d a t a  r eco rds  i s  w r i t t e n  on t h e  r ada r  
t ape .  
Lines 106-119 F l i g h t  d a t a  i s  s tored on t h e  radar t a p e  a f t e r  t h e  f'irsl; 
f i l e  and a l s o  l i s t e d .  
WIND SUBROUTINE 
In t roduc t ion  
This subrout ine completes t h e  d a t a  t a b l e  ZTZXY by f i l l i n g  i n  tht? 
l as t  three columns with values for wind v e l o c i t y .  The user may wish t o  
use t h i s  subrout ine only t o  read i n  wind data having t h e  same f i n e n e s s  as 
T o r  he  may desire t o  compute the wind s t r u c t u r e  d a t a .  (Note: This 
subrout ine should a l s o  be used t o  p r i n t  ou t  s p e c i a l  f l i g h t  labels which 
w i l l  appear a t  t h e  t o p  o f  t h e  data  l i s t  s h e e t . )  
m 
Simple Wind Program 
This program converts rough wind s t r u c t u r e  d a t a  t o  t h e  same 
f i n e n e s s  as t h e  d a t a  t a b l e .  The number of wind l e v e l s  r ead  i n  and 
t h e  Dimension statement must agree. The a l t i t u d e s  a t  which t h e  rough 
wind s t r u c t u r e  d a t a  i s  spec i f i ed  must equal  a l t i t u d e s  found i n  t h e  
f i n e  d a t a  t a b l e  ZTZXY. 
I -  30 
Lines 1-3 Dimension statements i d e n t i c a l  with those  of MAIN program. 
Line 4 Dimension statement for rough wind s t r u c t u r e  d a t a .  
Lines 5-8 Common statements  i d e n t i c a l  with l i n e s  4-7 of M A I N .  
Line 9 
Line 10 
Format f o r  read-in of rough wind s t r u c t u r e  d a t a .  
Read rough wind s t r u c t u r e  d a t a .  F i r s t ,  a l l  values cf L ,  
Second, wind v e l o c i t y  i n  x -d i r ec t ion .  
Lines  11-25 Linear i n t e r p o l a t i o n  of rough wind s t r u c t u r e  d a t a  is performed. 
Fine d a t a  i s  s to red  i n  data t a b l e  ZTZXY. 
Line 26 Control t r a n s f e r r e d  back t o  MAIN-. 
I N I T I L  SUBROUTINE 
I n t r o d u c t i o n  
This  subrout ine c a l c u l a t e s  t h e  c o e f f i c i e n t s  used i n  t h e  numerical 
i n t e g r a t i o n  subrout ine,  constants  used throughout t h e  program, and ;t%s 
i n i t i a l  cond i t ions  i n  t h e  program t o  t h e i r  preassigned va lues .  
De  s c r i p t  i on  
Lines 1-3 Dimension statements i d e n t i c a l  with those  of MAIN pl'ogram. 
Lines  4-7 Common statements used throughout program. 
Lines  8-34 Program constants .  
Lines 35-36 I n i t i a l  condi t ions.  
L i n e s  37-49 S ing le - s t ep  i n t e g r a t i o n  c o e f f i c i e n t s .  
L ines  50-95 Computation of multi-step i n t e g r a t i o n  c o e f f i c i e n t s .  
Line 96 Control t r a n s f e r r e d  back t o  MAIN program. 
CDEQS SUBROUTINE 
In t roduc t ion  
CDEQS con ta ins  and evaluates  t h e  equat ions of motion a s soc ia t ed  
wi th  t h e  f a l l i n g  sphere.  
from t h i s  subrout ine.  
Pe r t inen t  d i a g n o s t i c  messages a r e  a l s o  p r i n t e d  
D e  s c r i p t  ion 
Lines  1-3 Dimension statements - same as L i n e s  1-3 of MAIN.  
Lines  4-7 Common statements - equivalent  t o  l i n e s  4-7 of MAIN. 
Lines 8-10 Formats f o r  p r i n t i n g  Q,M, RE, o r  z if v a r i a b l e  exceeds 
input  t a b u l a t e d  values .  
Lines  11-21 Finds a l t i t u d e  i n t e r v a l  i n  data t a b l e  which corresponds 
t o  sphere a l t i t u d e  Z .  
Lines  22-28 Linear i n t e r p o l a t i o n  performed t o  o b t a i n  values  of T m’ 
and W corresponding t o  a l t i t u d e  z .  WZ’ WX’ Y 
Lines  29-32 Sphere velocity r e l a t i v e  t o  wind c a l c u l a t e d .  
v-EL + - wz) 2 + ( 2  - wx) 2 + ($ - wy’ 2 
- .  32 
Line 33 Geometric a l t i t u d e  h ca l cu la t ed .  
h = z + (x2 + y2)/2R 
Line 34 Geocentric r a d i a l  l eng th  ca l cu la t ed .  
R = R + h  t 
Lines 35-36 Magnitude of grav i ty  g ca lcu la t ed .  
2 2  g '  A a (R /R+h)2 - Rw cos L 
gS 
Lines 37-38 Speed of sound 
K c = 20.046803 
Line 39 Coef f i c i en t  of v i s c o s i t y  p. 
1.458 x (Tm) 312 
' = T + 110.4 rn 
Line 40 Mach number 
Lines  41-46 Pressure  \ 
Line 47 Density \ 
p = -  MWP + a p  
R*Tm 
where n p  i s  pe r tu rba t ion .  
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Line 48 
Line 49 
Line 50 
Line 51  
Sphere mass. Including o r  excluding t h e  induced o r  v i r t u a l  
mass i s  obtained by s e t t i n g  ALPHA equal  t o  0.5 or‘ 0,O 
r e s p e c t i v e l y .  
Buoyancy quan t i ty .  BET i s  c o e f f i c i e n t  used f o r  eliminat; iiq; 
buoyancy f o r c e  f r o m  equat ions of motion. 
Kinematic v i s c o s i t y  . 
P ? = p  
Reynolds number 
R = Vd e -  
r2 
Lines 52-85 Coef f i c i en t  of drag,C , ca l cu la t ed  by l i n e a r  interpolat i -on 
of proper drag t a b l e .  
d 
Line 86 Wind response 
Lines  87-89 b a g  a c c e l e r a t i o n  components. 
a = - me(; - W) d 
L ines  90-92 Components of sphere v e l o c i t y .  
Line 93 Gravi ty  including a c c e l e r a t i o n  due t o  buoyancy. 
Lines 94-96 Components of  sphere a c c e l e r a t i o n  r e l a t i v e  t o  referenc3c 
frame. 
Lines  97-101 Magnitude of sphere a c c e l e r a t i o n .  
.2 ..2 ..2 a =q z + x  + y  
Lines 102-107 Error  diagnos%ic p r i n t  s ta tements .  
Line 108 Control t r a n s f e r r e d  back t o  c a l l i n g  program, 
RKG SUBROUTINE 
In t roduc t ion  
This subrout ine w i l l  solve n- d i f f e r e n t i a l  equations by f ' i rs t  
using Runga-Kutta-Gill i n t e g r a t i o n  f o r  NM d a t a  p o i n t s .  Control i s  
t hen  t r a n s f e r r e d  t o  t h e  mult is tep p o r t i o n  which uses the Adaais--I.li>uli,ciri 
i n t e g r a t i o n  technique. 
Descr ipt ion 
Lines  1-3 
Lines 4-7 
Lines 8-12 
Lines 13-20 
Lines  21-47 
Line 48 
Dimension statements equ iva len t  t o  l i n e s  1-3 ol' MAIT,: I 
Common statements.  
Control  statements which d i r e c t  con t ro l  t o  e i t h e r  s i n g l e  
or mul t i s t ep  i n t e g r a t i o n  technique. 
S ing le  s t e p  i n t e g r a t i o n  s e c t i o n  which uses Runga-Kutta- 
G i l l  method. 7 
Mu1 t i s t e p  i n t  egr a t  ion s e c t  i on whi c h us e s Ad a m  -Mo ul t on 
method. 6 
Control trmsi 'erred back t o  Ca l l ing  Program. 
CHAPTER v 
EXAMPLE 
INTRODUCTION 
To demonstrate t h e  use of t he  sphere t r a j e c t o r y  generator  program, 
a study of t h e  s p h e r e ’ s  c a p a b i l i t y  of responding t o  wind st,ructur.e of a 
f i n e  na tu re  was undertaken. 
FLIGHT CONDITIONS 
The parameters a s soc ia t ed  with t h e  simulated sphere fl i .gbts wertc 
s e l e c t e d  using i n i t i a l  condi t ions t y p i c a l  of a c t u a l  known high a l t i t u d e  
f a l l i n g  sphere f l i g h t s .  A value f o r  t h e  i n i t i a l  p re s su re  and t h e  
molecular temperature p r o f i l e  was obtained from t h e  U . S .  Standard Atmosphere, 
1962. 
To measure t h e  response c a p a b i l i t y  of t h e  f a l l i n g  sphere,  t h e  
v e r t i c a l  and Norther ly  d i r e c t e d  wind components were s e t  equal  t o  zero. 
Because t h e  sphere response as a func t ion  of wind l a y e r  t h i ckness  w a s  
sought, a s i n u s o i d a l  func t ion  of a l t i t u d e  w a s  used t o  produce t h e  
x-component of wind ve loc i ty ,  Wx. 
of t h e i r  f o r t r a n  expressions a re :  
These condi t ions expi-essed in t ~ r i i i z  
ZTZXY(I, 3 )  = 0 .  
ZTZXY(I, 4 )  = 0 .  
ZTZXY(1, 5 )  = Amsin(flz+pl) 
for 15 I 5  210 and fl - 2~11 X e 
5 -1 
Here X i s  t h e  wind layer th i ckness .  The phase displacement Izr 
w a s  such t h a t  a t  an a l t i t u d e  o f  30 km, W w a s  equal  t o  zero.  
X 
The main program w a s  changed such t h a t  only va lues  f o r  time, 
x-component of sphere v e l o c i t y ,  and t h e  h o r i z o n t a l  wind component Wx 
were p r i n t e d  out  as a func t ion  of a l t i t u d e .  
modify t h e  CDEQS subrout ine t o  include t h e  computation of  Fix. 
provided an improvement i n  t h e  s inuso ida l  wave f o r  eva lua t ing  t h e  equa- 
t i o n s  of motion over what would have been provided by i n t e r p o l a t e d  va lues  
from t h e  ZTZXY a r r ay .  
It  w a s  a l s o  d e s i r a b l e  t o  
This 
Reduced meteorological data  from a c t u a l  f l i g h t s  i n d i c a t e  wind 
layer th i cknesses  of one-half t o  s i x  k i lome te r s  a r e  t y p i c a l  of f i n e  
s t r u c t u r e  a t  t h e  higher  a l t i t u d e s .  
1, 1.5, 2, 3, 4, and 6 kilometers were used f o r  succeeding f l i g h t s .  
The sphere mass and diameter was maintained r e s p e c t i v e l y  a t  115 grams, 
and 1 meter f o r  each f l i g h t .  
For t h i s  reason, X values  of 1/2, 
RES,PC)?!SE CKA-R-A-CTER T STT CS 
To i l l u s t r a t e  t h e  response c h a r a c t e r i s t i c s ,  t h e  d a t a  obtained 
us ing  a l a y e r  t h i ckness  of 1500 meters and an amplitude of 5 meters/ 
second i s  p l o t t e d  i n  Figure 2. From t h e  response curve s e v e r a l  charac- 
t e r i s t i c s  a r e  predominant. These a r e :  (1) t h e  sphere responds very 
l i t t l e  t o  t h e  h o r i z o n t a l  wind a t  t h e  higher  a l t i t u d e s ,  ( 2 )  t h e r e  i s  
an a l t i tude  l a g  between t h e  wind and h o r i z o n t a l  sphere v e l o c i t y  and 
(3 )  t h e  h o r i z o n t a l  v e l o c i t y  i s  d i sp laced  i n  t h e  E a s t e r l y  d i r e c t i o n .  
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W = A sin(flz+@) 
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2 i n  meters/second+ 
Figure  2. Wind Response of F a l l i n g  Sphere 
Consider ? from t h e  equations of motion. 
w (2-W ) - 2w;cosL + 2 G s i n L  - x( g' / (R+h) - w 2 )  5-2 x = -  .. c X 
The l a t t e r  two terms a r e  small  and can be neglected.  A t  t h e  higher 
a l t i t u d e s ,  i . e .  above 80 km, the c o r i o l i s  a c c e l e r a t i o n  - the  second t e r m -  
i s  g r e a t e r  than t h e  drag component, causing ;; t o  be p o s i t i v e .  Therefore, 
t h e  displacement of 2 i nc reases  u n t i l  t h e  drag a c c e l e r a t i o n  exceeds t h e  
c o r i o l i s  t e r m ,  
The slow decrease i n  i s  i n d i c a t i v e  of t h e  i n s e n s i t . i v i t y  of' t h e  sphere 
i n  responding t o  t h e  h o r i z o n t a l  winds. 
a f t e r  which t h e  displacement of 2 slowly approaches z,ero. 
A l t i t u d e  Lag 
The a l t i t u d e  l a g  between t h e  h o r i z o n t a l  wind and t h e  x-compcnent 
of  sphere v e l o c i t y  i s  p l o t t e d  in  Figure 3. 
Here it i s  seen t h a t  t he  l a g  i s  non-l inear  and inc reases  with 
a l t i t u d e .  A t  t h e  higher  a l t i t u d e s ,  t h e  data became s c a t t e r e d .  This 
i s  caused predominately by t h e  coarseness of t h e  d a t a  va lues .  A time 
I -  
* 
increment of 0.25 seconds was used f o r  t h e  computer runs.  
increment does no t  provide enough f i n e  d a t a  a t  t h e  higher  a l t i t u d e s  t o  
a c c u r a t e l y  determine t h e  peaks of t h e  amplitude response.  
This t~irne 
S e n s i t i v i t y  
The s e n s i t i v i t y  of  t h e  sphere i n  responding t o  t h e  h o r i z o n t a l  
wind i s  de f ined  as 
~(WX, z)max 
Am 
S e n s i t i v i t y  0- 5-3 
Where Am = amplitude of W X . 
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Because of t h e  
i s  taken as t h e  r a t i o  
X t o  t h e  amplitude of 
Figure 4 shows 
l a r g e  phase l a g  between ? and W 
of t h e  maximum value of 2 a t t a i n e d  i n  one wavelength 
t h e  s inuso ida l  wind A . m 
s e n s i t i v i t y  p l o t t e d  as a func t ion  of  a l t i t u d e  and 
t h e  s e n s i t i v i t y  
X' 
l a y e r  t h i ckness .  Superimposed a l so  on t h i s  p l o t  i s  a. l eas t  square l i n e a r  
f i t  of a c t u a l  rocke t  - meteorological d a t a .  This  l i n e a r  curve w a s  
r e p o r t e d  by W. L. Webb a t  t h e  Proceedings of t h e  F i f t h  I n t e r n a t i o n a l  
Space Science Symposium, Florence, I t a l y ,  May 8-20, 1964. The i n t e r -  
s e c t i o n  of Webb's curve with t h e  computed s e n s i t i v i t y  curves i n d i c a t e s  
t h e  a t t e n u a t i o n  of t h e  sphere motion a s soc ia t ed  with t h e  r e s p e c t i v e  deduced 
wind magnitudes used i n  h i s  study. 
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Least square linear fit 
from ROBIN data. (Webb, 1964: 
I 
I / d= Ool ’ 
Wx = Amsin ( A z  + g5) 
x -  Wind amplitude A = 5.0 m 
0 - A = 10.0 m 
h - Layer Thickness of W in Kilometers-) 
X 
Figure 4. Sensitivity of Sphere to Horizontal Winds, W . 
X 
CHAPTER V I  
CONCLUSIONS 
The sphere s imulat ion program can b e  an extremely h e l p f u l  teal. 
It can supply information d e s i r a b l e  f o r  prel iminary design. and a l s o  
a i d  i n  reducing d a t a  obtained from sphere f l i g h t s .  
The t e s t  s tudy of t h e  l a s t  chapter  demonstrated one of many ways 
i n  which t h e  simulator can be used. The f i n d i n g s  of t h i s  s tudy using 
t h e  simulator suggest t h e  following a r e a s  f o r  f u t u r e  study: 
design s p e c i f i c a t i o n s ,  ( 2 )  sphere c a p a b i l i t y  as a sensing device,  and (3) 
sphere response c h a r a c t e r i s t i c s  due t o  complex wind s t r u c t u r e s .  
(1) sphere 
The simulator program can a l s o  be app l i ed  t o  t h e  problem of 
f a l l i n g  sphere data reduct ion.  I n  t h i s  area,  s t r ange  data phenomena 
can be  s tudied,  smoothing techniques designed, and complete d a t a  reduct ion 
schemes developed surrounding t h e  program used for t h e  p re sen t  simulator 
program. 
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PART I1 
RADAR SIMULATOR 
A b r i e f  review of t h e  performance and s p e c i f i c a t i o n s  of t h e  
Ins t rumenta t ion  Radar Se t  m/ms-16 suggests  t he  fo l lowing  p r i n c i p l e  
f e a t u r e s  t o  be included i n  the  Radar Simulator 
a )  
b )  range r e s o l v e r  e r r o r  
e )  
d )  d i g i t a l  d a t a  g r a n u l a r i t y  
coordinate  t ransformation t o  those  of t h e  r ada r  
random (gauss ian)  no i se  on each r ada r  coord ina te  
Bias e r r o r s  and o the r  f e a t u r e s  such as those  a s soc ia t ed  wi th  dynamic 
t r a c k i n g  p r o p e r t i e s ,  d i g i t a l  encoder and g e a r - t r a i n  n o n - l i n e a r i t i e s ,  and 
propagat ion anomalies were n o t  s p e c i f i c a l l y  cha rac t e r i zed  i n  t h e  p r e s e n t  
s imula tor .  
The coord ina te  t ransformation c o n s i s t s  of t h e  t ransformat ion  of 
sphere p o s i t i o n  from t h e  r e c t i l i n e a r  coord ina tes  of t h e  t r a j e c t o r y  gene- 
r a t o r  t o  s l a n t  range, azimuth, and e l eva t ion  angles  a s soc ia t ed  with a r ada r  
sit.e at. xp> yp> z Slan t  range i s  t h e  s t r a i g h t  
l i n e  d i s t a n c e  between t h e  r ada r  s i t e  and sphere i n  yards .  Azimuth i s  t h e  
clockwise angle  from nor th  i n  t h e  x-y p lane  i n  angular m i l s  (6400 mi l / rev . ) .  
E leva t ion  i s  t h e  angular  p o s i t i o n  of t h e  sphere from t h e  x-y p lane  a t  t h e  
r a d a r  s i t e ,  expressed i n  angular  m i l s .  
inc luded  on t h e  output  tape  of t he  Radar Simulator f o r  o p t i o n a l  use. 
The range r e s o l v e r  e r r o r  i s  a func t ion  of s l a n t  range which i s  
( r a d a r  p a r a l l a x  i n  meters ) .  
AJ 
This e r r o r - f r e e  r a d a r  d a t a  a r e  
added t o  s l a n t  range, and which i s  c y c l i c  with p e r i d  4000-yards. 
g e n e r a l i t y  i t  i s  s p e c i f i e d  by input  a t  50 equidis tant .  p o i n t s  over t h e  
For 
- .  
4000-yard i n t e r v a l  and i s  l i n e a r l y  in t e rpo la t ed .  
t h i s  e r r o r  i s  
A nominal func t ion  f o r  
2s -r cos - 2000 
w i t h  
1.2 4 r 5 2  yards.  
It i s  noted, however, t h a t  prel iminary measurements made i n  t h i s  study 
on r ada r  recordings of  an  a c t u a l  meteorological  f l i g h t  (Appendix A) 
i n d i c a t e  amplitudes r i n  excess of 5 yards.  
A s  an approximation t o  t h e  o v e r a l l  (h ighe r  frequency) noise  contained 
i n  radar da ta ,  t h r e e  random independent va r i ab le s ,  each having approximately 
normal d i s t r i b u t i o n s  with s tandard  deviat ions s p e c i f i e d  i n  t h e  input ,  a r e  
added r e s p e c t i v e l y  t o  s l a n t  range, azimuth, and e l eva t ion .  Conversations 
wi th  radar da ta  a n a l y s i s  personnel  at White Sands Miss i l e  Range i n d i c a t e s  t h a t  
t h e  no i se  i n  FPS-16 data appear t o  be e s s e n t i a l l y  random independent p o i n t  
t o  p o i n t  even f o r  t h e  h ighe r  da ta  r a t e s  o f  50 p o i n t s  p e r  second. 
va lues  of  t h e  s tandard  devia t ions  a r e  
Naminal 
d = 3.3 yards R 
d = 0.2 m i l  
= 0.1 m i l  
A 
E 
The random number genera tor  used i n  t h e  radar s imula tor  i s  an add i t ion  
o r  Fibonacci  type genera tor  i n  which only  t h e  right-most t h r e e  decimal d i g i t s  
a r e  r e t a i n e d .  The uniformly d i s t r i b u t e d  v a r i a b l e  ab ta ined  i s  given a normal 
o r  gauss ian  d i s t r i b u t i o n  with zero mean and u n i t  s tandard  devia t ion  by 
53 
1 
t h e  t ransformation '  
2 I a +a v+a v 0 1  2 N = sgn( r . -  .5 )  ltblv+b2v2+b v j  3 
v =d-2 log, 0.5(1 I 
a = 2.51517 a1 = 0.802853 a 2  = 0.010328 
0 
b = 0.001308 3 bl = 1.432788 b2 = 0.189269 
The gaussian va r i ab le  i s  m u l t i p l i e d  by t h e  appropr i a t e  s tandard  dev ia t ion  
a t  t h e  t i m e  it i s  added t o  t h e  radar coord ina te .  
The d i g i t a l  da t a  system of the  FPS-16 produces s l a n t  range as 20-bi t  
d a t a  wi th  a g r a n u l a r i t y  o f  1/2 yard (524,288 yards maximum value) ,  and 
azimuth and e l eva t ion  as 1 7 - b i t  da ta  wi th  g r a n u l a r i t y  of  0.0488 m i l s  
(6400 m i l s  maximum va lue ) .  
S imula tor  by div id ing  by t h e  granular  u n i t ,  t runca t ing  a t  t h e  u n i t s  d i g i t ,  
and mul t ip ly ing  t o  r e s t o r e  t h e  sca le  as follows. 
These p rope r t i e s  a r e  included i n  t h e  Radar 
I l l b c g c L  
A = O.O488( A/O .0488) 
E = 0.0488(E/0.0488)integer 
Where t h e  p&re.nthetical q u a n t i t i e s  s lbscr ip ted  " in teger"  a r e  computed 
o n l y  t o  t h e  u n i t s  d i g i t .  
1 
Juncosa, M.L., "Random Number Generation on BRL High-speed Computing 
Machines", Report 855 B a l l i s t i c s  Research Laboratory, Aberdeen, Md. 
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APPENDIX A 
RANGE RESOLVER ERROR 
The range r e so lve r  e r r o r ,  r ( R ) ,  i n  t h e  AN/FPS-~~ r ada r  i s  a s soc ia t ed  
wi th  a mechanical device which r o t a t e s  360" during each 4000 yards of  s l a n t  
range, and the re fo re  i s  per iodic  i n  s l a n t  range. 
r ( R )  = r(R-4000) 
Typica l ly  t h i s  e r r o r  e x h i b i t s  two s i n u s o i d a l - l i k e  cyc les  p e r  4000-yard 
per iod ,  and hence appears  i n  t he  da t a  t o  have a pe r iod  of 2000 yards.  
The amplitude of  t h i s  pe r iod ic  p o s i t i o n a l  e r r o r  i s  represented i n  manu- 
f a c t u r e r ' s  r epor t s  as being about two yards ( f o u r  yards peak-to-peak), o r  
one yard with s p e c i a l  p r e f l i g h t  adjustment.  Experience a t  White Sands 
M i s s i l e  Range i n d i c a t e s  smal le r  amplitudes of about 1 . 5  yards .  These, 
o f  course,  a r e  a l l  wi th in  t h e  radar  s p e c i f i c a t i o n s  of p o s i t i o n  accuracy. 
A simple ca l cu la t ion ,  however, shows t h a t  t h i s  very small cyc l i c  
p e r t u r b a t i o n  may in t roduce  observable o s c i l l a t i o n s  i n  t h e  dens i ty  f 'unction 
deduced from t h e  r ada r  t r a c k  of  t h e  meteorological  f a l l i n g  sphere.  
Suppose t h e  c y c l i c  pe r tu rba t ion  i n  s l a n t  range i s  given by 
r = - 1 r j s i n  UR 
The a s s o c i a t e d  pe r tu rba t ion  on acce le ra t ion  i n  s l a n t  range i s  
.. -2 
LU (u R s i n  cuR - R cos o R )  
Assigning nominal values  
R = 80 yd/sec 
R = 0.2 yd/sec 
cu = 2n/2000 = 0.003 yd-I 
2 
.. 
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which approximate those  o f  a ROBIN sphere a t  mid- f l igh t ,  t h e  amplitude of 
t h e  a c c e l e r a t i o n  o s c i l l a t i o n  i s  seen t o  be about 0 .1  yd/sec . 
having both amplitude and pe r iod  of t h i s  magnitude a r e  observed i n  ROBIN 
d e n s i t y  data ,  and have been reported by Engler (1963). 
2 
O s c i l l a t i o n s  
To f 'ur ther  e s t a b l i s h  t h e  connection between t h e  range r e so lve r  e r r o r  
and  observed f l u c t u a t i o n s  i n  f a l l i n g  sphere dens i ty  data ,  it w a s  proposed 
t o  e x t r a c t  from r e a l  f l i g h t  da ta  any c y c l i c  component i n  s l a n t  range having 
p e r i o d i c i t y  4000 yards.  This  would a t  f irst  appear hopeless because a )  t h e  
expected pe r tu rba t ion  amplitude is  on ly  a few t imes the  magnitude of  t h e  
g r a n u l a r i t y  of  t h e  radar data, b) t h e  frequency of t h e  pe r tu rba t ion  w a s  
extremely low, and e )  t h e  data sample from any given f l i g h t  covers r e l a t i v e l y  
f e w  cyc les  of  t h e  pe r tu rba t ion .  However, i f ,  i n  f a c t ,  t h e  supposed e r r o r  
source  mani fes t s  i t s e l f  i n  t h e  dens i ty  p l o t s ,  then  it should be amenable t o  
e x t r a c t i o n ,  
It i s  f i r s t  noted t h a t  t h e  range r e so lve r  e r r o r ,  having 4000 yard 
p e r i o d  i n  range, can introduce pe r tu rba t ions  i n  the  data with frequencies  
o n l y  down t o  R / b O O  cps.  
d a t a  a l l  f requencies  lower than  t h i s .  The approach was t o  generate  an 
a p p r o p r i a t e  smooth f 'unction from t h e  da t a  and sub t r ac t  t h i s  from t h e  r a w  
d a t a .  
It was t h e r e f o r e  a t tempted t o  e l imina te  from t h e  
The f a c t s  t h a t  (a)  the  spa11 per tu rba t ions  i n  p o s i t i o n  data may become 
s i g n i f i c a n t  i n  t h e  second der iva t ive  (from which dens i ty  i s  obta ined)  and 
( b )  t h e  r e a l  motions of t h e  sphere a r e  caused by r e l a t i v e l y  slow varying 
f o r c e s  (which a r e  p ropor t iona l  t o  a c c e l e r a t i o n ) ,  suggests  t h a t  a c c e l e r a t i o n  
would be t h e  appropr ia te  quant i ty  t o  smooth. A numerical schqne f o r  genera t ing  
* .  58 
a smooth second de r iva t ive  (Schramm and Sco t t  1963) was adapted t o  t h e  
problem. The smoothing i n t e r v a l  was ad jus t ed  by a d i g i t a l  computer 
program so t h a t  it remained constant i n  t h e  dependent v a r i a b l e  ( s l a n t  
range)  r a t h e r  than  i n  t h e  dependent v a r i a b l e  ( t i m e ) .  
a c c e l e r a t i o n  w a s  ob ta ined  which exhib i ted  a sharp cu t  o f f  frequency i n  
s l a n t  range. I n t e g r a t i o n  of t h i s  smoo%h a c c e l e r a t i o n  provided t h e  des i r ed  
smooth pos i t i on ,  R. 
I n  t h i s  wag a smooth 
- 
Since t h e  na ture  of t h e  cyc l i c  pe r tu rba t ion  wi th in  i t s  4000-yard 
p e r i o d  was assumed completely unknown (h ighe r  frequency components could 
be p re sen t )  t h e  remaining s t e p  allowed only  some form of s i g n a l  i n t e g r a t i o n ,  
i e ,  some procedure f o r  determining t h e  s i g n a l  which was common to ,  o r  
p e r s i s t e d  i n ,  successive 4000-yard segments of  t h e  data. The chosen 
method, i n  e f f e c t ,  superposed successive 4000-yard segments and computed 
t h e  mean value i n  small sub - in t e rva l s .  
Avai lable  da t a  and funds allowed a l i m i t e d  processing o f  one f l i g h t  
r eco rd  (ARCAS/ROBIN/FPS-16, Wallops I s l a n d  f l i g h t  ~67-3279, 1 February, 1962, 
approximate apogee 190 k f t ) .  The r e s u l t s  a r e  shown i n  t h e  accompanying t a b l e  
a n d  f i g u r e s .  
The f a l l i n g  sphere t r a j e c t o r y  i n  t h i s  radar  record provides  only  about 
s i x  successive 4000-yard i n t e r v a l s  and t h e  excursions ass ignable  t o  a c t u a l  
sphere motions have amplitudes an o rde r  of magnitude g r e a t e r  than  t h a t  of  
t h e  c y c l i c  pe r tu rba t ion .  As the  range r a t e ,  R , decreases,  more t ime i s  
a v a i l a b l e  during a range i n t e r v a l  (4000-yards) f o r  t h e  sphere real acce l -  
e r a t i o n s  t o  come i n t o  p l a y  and "hide" t h e  never the less -present  c y c l i c  
p e r t u r b a t i o n ,  I n  tu rn ,  more i n t e r v a l s  a r e  requi red  i n  t h e  s i g n a l  i n t e g r a t i o n  
59 
1 .  
'I 
c 
t o  d i scern  t h e  c y c l i c  per turba t ion .  Thus t h e  c y c l i c  pe r tu rba t ion  cannot 
b e  evaluated accu ra t e ly  from t h e  sphere da t a  o f  t h i s  f l i g h t .  It i s  expected 
t h a t  s a t i s f a c t o r y  r e s u l t s  could be obta ined  i n  o t h e r  f l i g h t s  where t h e  range 
r a t e  and data sample a r e  l a rge ,  as i n  high-apogee f l i g h t s ,  and where t h e  
radar l i n e - o f - s i g h t  l i e s  c lose  t o  t h e  sphere t r a j e c t o r y ,  o r  where t h e  r e a l  
motion o f  t h e  sphere i s  r e l a t i v e l y  smooth. None o f  t h e s e  condi t ions  appear  
t o  e x i s t  i n  t h e  given f l i g h t .  It was not  i n v e s t i g a t e d  how c l e a r l y  t h e  
d e n s i t y  func t ion  deduced from t h i s  r ada r  record e x h i b i t s  f l u c t u a t i o n s  o f  t h e  
type  under d iscuss ion .  
The des i r ed  condi t ions f o r  eva lua t ing  t h e  c y c l i c  pe r tu rba t ion  were 
found, however, i n  t h e  upleg por t ion  o f  t he  r ada r  record,  during which 
t h e  rocket  r a t h e r  than  t h e  sphere w a s  t racked .  It i s  claimed t h a t  t h e  
p e r t u r b a t i o n  i s  present  throughout t h e  r a d a r  record and having eva lua ted  
it from t h e  upleg data, it should be sub t r ac t ed  from t h e  downleg o r  sphere 
data. 
Figure I i s  a p l o t  of t h e  d i f f e rence  func t ion  ( r a w  range l e s s  t h e  
smoothed range) fo r  t h e  upleg po r t ion  of t h e  f l i g h t .  
r e s u l t  
4000-yard i n t e r v a l s  excluding the f irst  i n t e r v a l .  
F igure  I1 i s  a t y p i c a l  measured range r e so lve r  e r r o r  according t o  
D. K.  Barton (1964). 
Figure I1 shows t h e  
oi t h e  superpus i t ion  (signal iztegraticc) r ? f  f i f t . een  successive 
Also displayed i n  
Severa l  f e a t u r e s  are noted from t h e  f i g u r e s :  
The p e r i o d i c i t y  i n  range and t h e  c o r r e l a t i o n  with t h e  4000-yard-per- 
revolu t ion  range reso lver  i s  c l e a r l y  ev iden t .  
A t  no po in t  does t h e  pe r tu rba t ion  appear  t o  vanish.  
1. 
2 .  
t h a t  it i s  p resen t  i n  t h e  e n t i r e  record .  
It i s  p l a u s i b l e  
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R: W67-3279. 2-1-62, AN/FPS-I6 
12*36*10.0 5 T < 12*38+18.2 (APOGEE) 
A: UDlRSlT = MF = 15, ME I, RWNDO - 2000, RSTART 0 1901.490 
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Fig. I. A plot of the Difference Between the Raw and Smooth Range Functions. 
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3. 
4.  
5 .  
6 .  
7. 
The amplitude o f  t h e  cyc l i c  pe r tu rba t ion  i n  t h i s  data i s  about t h r e e  
t i m e s  t h a t  represented as t y p i c a l  o f  measured range r e so lve r  error. 
The i n i t i a l  t r a n s i e n t  of the smoothing process  i s  confined we l l  wi th in  
t h e  f irst  4000-yard i n t e r v a l  of  data. Data from t h i s  i n t e r v a l  w a s  not  
included i n  t h e  s i g n a l  i n t e g r a t i o n  process .  
The smooth range func t ion  f e a t u r e s  very small b i a s .  The mean value 
over  successive 4000-yard i n t e r v a l s  gene ra l ly  remained an o rde r  o f  
magnitude smaller than  the  r e spec t ive  root-mean-square values .  This  
i n d i c a t e s  t h a t  t h e  des i red  low frequency content  was re t a ined  i n  
R by t h e  smoothing process.  
The sudden l a r g e  change i n  acce le ra t ion  due t o  ces sa t ion  o f  rocket  
t h r u s t  (burn-out)  causes t h e  apparent  d i s c o n t i n u i t y  observed a t  t h e  
beginning o f  t h e  f i f t h  4000-yard i n t e r v a l .  
a l lows t h e  a p p l i c a t i o n  of a p r i o r i  knowledge o f  a c c e l e r a t i o n  discon- 
t i n u i t i e s  and w i l l  enable i n  fu tu re  improvements, i f  des i red ,  t h e  
e l imina t ion  of  t h i s  apparent d i s c o n t i n u i t y  and t h e  a s soc ia t ed  
d is turbance  o f  t h e  mean i n  i t s  neighborhood. 
The curve beyond t h e  t en th  i n t e r v a l  ( range = 42 Kyd, a l t i t u d e  = 34 iYn) 
begins t o  d i sp l ay  inc reas ing ly  e r r a t i c  behavior.  
t o  o t h e r  radar e r r o r s ,  
i n t e r v a l s  of range data were processed and p l o t t e d ,  only t h e  second 
through f i f t e e n t h  were included i n  t h e  s i g n a l  i n t e g r a t i o n  process ,  
a r b i t r a r i l y  because of  the lower ms values  a s soc ia t ed  with these  
i n t e r v a l s .  
3 
The smoothing process  
This  perhaps i s  due 
Though over  twenty successive 4000-yard 
Subsequent observat ion of  t h e  p u t t e d  data suggests  t h a t  
t h e  r e s u l t  from t h e  s igna l  i n t e g r a t i o n  process  would be improved 
if t h e  more e r r a t i c  i n t e r v a l s  were not  included.  Fu r the r  s tudy  could 
produce appropr i a t e  computational techniques which would enable  s e l e c t i v e  
r e j e c t i o n  of poor data i n t e r v a l s  i n  t h e  s i g n a l  i n t e g r a t i o n  process .  
Table I l i s t s  t h e  root-mean-square va lue  and mean value of  t h e  
d i f f e r e n c e  func t ion  f o r  each 4000-yard i n t e r v a l ,  t o g e t h e r  with t h e  i n i t i a l  
va lue  of  time, smoothed range, range r a t e ,  and range a c c e l e r a t i o n  i n  each 
i n t e r v a l .  
The d i f f e rence  between successive va lues  of i n i t i a l  smoothed range 
v a r i e s  from 4000-yards because of t h e  g r a n u l a r i t y  i n  t h e  data r e s u l t i n g  
from t h e  sampling used i n  t h e  smoothing p rocess .  I n  t h i s  p a r t i c u l a r  case  
a sampling of  30 points/4000-yard i n t e r v a l  w a s  used, r e s u l t i n g  i n  a 
g r a n u l a r i t y  of  about 133 yards p e r  p o i n t .  Furthermore, t h i s  g r a n u l a r i t y  
v a r i e s  from p o i n t  t o  p o i n t  because t h e  n e a r e s t  r a w  da t a  p o i n t  was taken 
i n  preference  t o  computing an  i n t e r p o l a t e d  p o i n t  from t h e  r a w  da t a .  The 
u s e  o f  "adjusted" r a w  data, such as obta ined  by averaging o r  by in t e rpo -  
l a t i n g ,  w i l l  g e n e r a l l y  l e a d  t o  f a i l u r e  because i n  gene ra l  t he  accuracy 
o f  averaging o r  i n t e r p o l a t i n g  ( o r  of a s s ign ing  t n e  value of  t h e  independent 
v a r i a b l e ,  t ime)  w i l l  be i n s u f f i c i e n t  t o  p re se rve  t h e  necessary  f r a c t i o n a l -  
y a r d  p r e c i s i o n  a s s o c i a t e d  with t h e  c y c l i c  p e r t u r b a t i o n .  F'urther s tudy  
cou ld  l e a d  t o  opt imiza t ion  o f  the seve ra l  parameters  a s s o c i a t e d  with t h e  
smoothing process  and would undoubtedly improve t h e s e  r e s u l t s .  Never- 
t h e l e s s  t h e  o b j e c t i v e  of e x t r a c t i n g  and eva lua t ing  t h i s  e r r o r  from 
meteo ro log ica l  f a l l i n g  sphere radar  da t a  i s  demonstrated, and t h e  f e a s i -  
b i l i t y  o f  e l imina t ing  t h i s  e r r o r  o p e r a t i o n a l l y  through da ta  processing i s  
i n d i c a t e d .  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
(hr :min: s ec )  
12:36:10.0 
12:36:18.1 
12: 36: 23.4 
12: 36 : 27.6 
12: 36: 31. o 
12: 36: 34.3 
12:36:37.8 
12: 36: 41.5 
12 : 36 : 45.. 4 
12: 36 : 49.5 
12: 36: 53.6 
12: 36: 58.3 
12:37:03.0 
12: 37 :08. I.
12: 37: 13.4 
12:37:19.1 
12:37:25.3 
12:37:32.1 
12:37:39.7 
12: 37: 48.4 
12:37:58.6 
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TABLE I 
CIR 
r m s  
{Yd 1 
4.50 
5.38 
4.87 
4.79 
5-90 
4.80 
4.78 
4.21 
4.52 
5.39 
4.53 
5.82 
6.47 
6.72 
5.01 
6.54 
7.88 
8.81 
11.55 
9.68 
A R  
( Y d )  
me an 
-1.85 
-0.22 
-0 39 
1.27 
0.80 
-0.03 
-0.97 
0.16 
0.31 
-0.42 
0.41 
0.56 
0.41 
0.94 
-0.16 
1.35 
0.50 
0.04 
-1.86 
-0.91 
1,901.5 
6,108.1 
10,129.8 
14,177.4 
18,171. 5 
22,215.4 
26,205.3 
30, 190.7 
34,178.6 
38,176.2 
41,993 1 
46,152.5 
50,100.9 
54,142.9 
58,089.8 
62,045.6 
66,035.8 
70,021.7 
74,035.7 
78,054.4 
82,060.9 
396 6 
660.8 
862.7 
1,076.4 
1,257.0 
1,180.7 
1,106.8 
1,047.8 
995.9 
954.8 
905 * 2 
863.7 
813.4 
772.5 
719 2 
670.1 
612.4 
559.4 
493.6 
426.8 
344.9 
.. 
R1 
( yd/ see2 : 
26.4 
37.1 
44.4 
58.7 
36.7 
-26.8 
-13 3 
-12.8 
-11.1 
- 8.5 
- 9.1 
- 9.0 
-10.4 
- 9.0 
- 7.8 
- 6.2 
- 7.3 
- 7.2 
- 7.7 
- 6.8 
-15*7 
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